The outdoor climate is changing. In order to assure thermal comfort in new and existing residential buildings we need to revise and adapt our building designs. Therefore, 10 meteorological stations in Iran were selected to investigate and predict the influence of climate change on the local climate diversity and variability. In order to provide a comfortable and healthy indoor environment, bioclimatic design recommendations during early design stages were revised, including during the two periods of 1986-2015 and 2020-2050. A modified Givoni's bioclimatic chart was used to visualize the climate variation and to inform designers about accurate and climate-proof bioclimatic design recommendations. The second-generation Canadian Earth System Model was used to predict changes in the maximum and minimum temperature and relative humidity components of future decades. Based on Representative Concentration Pathway (RCP) 2.6, RCP 4.5, and RCP 8.5 for the greenhouse gas emission section of the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, the effects of climate change on different cooling and heating strategies were examined. The findings of this study showed that for all the studied stations, apart from Abadan, the trend in temperature increase over the coming decades is not unforeseen. The use of heating strategies will decrease, and the use of cooling strategies will increase. Finally, this study presents an adjusted bioclimatic chart of Iran and quantifies the adaptation measures to climate change to reduce energy use and avoid overheating.
Introduction
Several studies investigated climate responsive design and its influence of on the indoor and outdoor built environment [1, 2] ; and [3] . The earliest work of Victor [3] allowed architects, engineers and urban planners to explore the impact of climate on buildings design and follow analytical approaches to develop bioclimatic design concepts. Therefore, several researchers and practitioners applied [1, 3] bioclimatic design approach by performing climate analysis studies and use the bioclimatic architecture principles in order to improve thermal comfort conditions in outdoor spaces. The determination of bioclimatic design principles and bioclimatic zones was achieved by Refs. [4, 5] in Greece [6] , in Albania [7] , in Turkey [8] , in Egypt [9] , in Portugal [10] , in Iran [11, 12] , in India [13] , in Italy and [14] in Madagascar.
However, few studies considered the influence of climate change on the outdoor built environment in relation to bioclimatic design. The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) asserts that climate change is occurring worldwide [15] . Between 1906 and 2014 the global temperature increased from 0.56°C to 0.92°C. Eleven of the twelve hottest years between 1850 and 2014 occurred in the last fifteen years [15] . The planet is expected to face increases in temperature of an average of 0.2°C every ten years until the end of this century. One of the most famous studies that addressed climate change on the indoor built environment is the study of [16, [18] [19] [20] [21] . The three studies investigated the direct effect of climate change on indoor thermal comfort and energy consumption. In the same, context the work of [21, 22] provided a broader perspective by developing an overview of challenges and achievements in the climate adaptation of cities. And the work of [23] [24] [25] provided more specific design recommendations within a technical landscape design and urban planning perspective. These studies did not provide predictions for the future outdoor climate. Our critical review of the body of knowledge indicates a lack of investigation on future climate predictions and their impacts on bioclimatic design recommendations. There is a need for a revision of climate design recommendations following quantitative prediction methods.
Therefore, this paper aims to improve our understanding of climate change impacts and to improve decision making for planners, landscape architects, architects and building engineers. Whether we face the challenge through designing for cooler cities worldwide it's clear we will all need to think more about heat in the coming century. The research outcome is a set of updated and climate-change-proof design recommendations for Iran. We believe that climate-change-proof weather files and updated bioclimatic design strategies go together as an adaptation measure in the building sector. The significance of this research is based on its promotion of evidence-based and sustainable design principles and strategies to encourage designers to create climate-sensitive and context-specific architectural and building solutions [26] . In addition, the methodology used in this research is significant and can be transferred to other regions of the world. The audience of the study, besides designers, is policy makers, city officials, and home builders who wish to build or renovate building facilities in hot and arid climates.
Bioclimatic charts and climate change adaptation measures
In this section, we review different bioclimatic charts that are most commonly used to represent and plot climate data points (e.g., Refs. [1, 27, 28] . This step is an extremely important endeavor to enable the representation and visualization of building energy implications of climate. The visualization of climate data through graphic illustrations and climate data analysis is important for communication. It allows users to see subtle distinctions of climate and their associated bioclimatic design strategies that would otherwise be lost in numerically represented data. The second step of this review articulates and highlights the climate change adaptation measures for residential areas (see Section 4.2). The aim was to provide an overview of 16 key passive cooling and heating adaptation strategies.
Climate representation through bioclimatic charts
Several researchers and engineers have tried to visualize climatic data worldwide [29] ; [1, 27, 30, 31] . Until the end of the 1960s, the psychrometric chart was one of the most prominent representations, which was mainly developed and used by mechanical engineers. This was until 1969, when Givoni presented his building bioclimatic diagram on the psychrometric chart. Givoni's bioclimatic diagram is divided into different zones, for which it is necessary to use bioclimatic and passive design strategies to achieve human comfort within a building. The building bio-climatic chart (BBCC) specified building design guidelines to maximize indoor comfort conditions when the building's interior was not mechanically conditioned [1] . Building design strategies that were mentioned in Givoni's original bioclimatic chart are shown in Table 1 [30] . Milne and Givoni amended and expanded the BBCC in 1979 [1] , in which more zones were determined to make design suggestions for architects. This chart defined passive and active design strategies, including those shown in Table 1 [32] .
Since then, the Milne-Givoni BBCC has been widely used in practice and research [10, [33] [34] [35] . The BBCC has been used as a tool to select proper strategies of bioclimatic design for specific climatic conditions. Later, research by Givoni on passive cooling and low energy buildings provided more information and a better scientific basis for demarcation of climatic conditions, under which different design strategies for summer comfort could be, applied [36] . Givoni explained more strategies and defined new concepts, such as direct and indirect evaporative cooling [31] . However, after 20 years of modifications the BBCC became complex. The complexity of visualizing its seven axes and 14 design recommendations confused users, particularly architects, when trying to interpret it (Table 2 ) [10] .
DeKay and Brown presented another graphical illustration [27] . redrew Givoni's bioclimatic chart using the structure of Olgyay's chart (1969); they implemented Milne-Givoni's different and diverse strategy zones in Olgyay's rectangular chart. In this chart, five cooling strategies and two heating strategies are included. In the present study, we redrew the proposed bioclimatic chart of DeKay and Brown more precisely [27] to investigate its potential. According to Milne-Givoni and the new Givoni's chart, seven strategies were added:
• One passive heating strategy and conventional (active) heating strategy.
• Three cooling strategies of direct/indirect evaporative cooling, (active cooling) air conditioning, and air conditioning with conventional dehumidification.
• Humidification for dry climatic conditions.
• Shading According to the last study by Givoni regarding new boundaries of the chart, our new chart was drawn as shown in Fig. 1 . We selected this bioclimatic diagram for its simple use and interpretation by architects [14] . Even though internal gains are regularly included in the bioclimatic analysis (e.g. Givoni's bioclimatic chart) they are not climate determined and therefore should not be stated as bioclimatic potential when climate determined bioclimatic analysis are conducted [74] . At the same time, the DeKay and Brown bioclimatic chart incorporates 12 different climate zones that correspond to different design strategies. This variety makes it easier to compare weather data with a focus on mean daily temperature (°C) and humidity (%).
Based on the abovementioned continuum, we selected Fig. 1 as the most suitable climate representation of a bioclimatic chart. The proposed bioclimatic chart was used to plot the climatic data of future climate change weather scenarios while clustering the data points under the corresponding bioclimatic design strategies and recommendations.
Climate of Iran and climate change adaptation design strategies
Iran is characterized as having a variety of climates while being hot and dry during summers and cool during winters. The country is in Southwest Asia and its climate is influenced by the subtropical aridity
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Fifth (Fig. 2) . The country has a semi-dry climate, except for the wet zone in the southern coastal plains of the Caspian Sea and the relatively wet areas in the west [37] , as indicated in Fig. 2 . The Alborz and Zagros mountain ranges block humidity and prevent clouds from reaching the central and southeastern parts of the country, including the Eurasian Plate. The continental climate across the plateau is characterized by cold winters and hot summers [37] . The predicted climate change differs by continent, country, region, and urban centre. Iran is one of the countries that will be affected by climate change (see Section 2.2). Research on the effects of global warming on energy consumption, buildings, and thermal comfort in Iran has been undertaken by a small number of researchers [38, 75] . However, a lot of research has been conducted on climate change in Iran [39] [40] [41] . The most important measure to indicate climate change in Iran is the yearly number of heat waves. Between 1981 and 2010, the intensity of heat waves in summer became more severe than in spring, and extreme heat waves occurred across the southern coast of Iran. On average, there are about 4 more heat waves in summer than in spring [42] . Moreover, in the future it is likely that the Iranian climate will be subject to a continuous increase in temperatures, mild winters, and hot summers. Heat waves will become more common and associated with an increase in energy consumption for cooling in households until the end of the century [38] . Therefore, urban heat will increase with the use of certain building materials, street profiles, building shape, and urban fabric. The incoming shortwave radiation will be mainly stored in building materials and will be emitted as longwave radiation into the buildings and urban microclimate. This will lead to the aggravation of urban heat islands and will cause damages or failure of infrastructure (increases in cooling demand and electricity shortages), thermal discomfort, low productivity, health challenges (respiratory, heart, and kidney problems), and extra deaths [40, [43] [44] [45] . An increase in energy use of buildings with active cooling systems is expected during summers, and a decrease in heating loads is expected during winters.
In this section, we discussed the selection of key bioclimatic climate change adaptation design strategies based on a previous study by the authors. A study by Ref. [10] defined 17 design strategies associated with 17 climatic zones in Iran. Table 2 provides a summarized overview of the 16 considered adaptation measures.
Materials and methods
In this section we present the research methodology, including the study framework, weather station data selection process, data analysis, and validation.
Study framework
The framework of this study was built around four axes in the context of projecting the impact of climate change on bioclimatic design measures for residential buildings. The framework adapted in this research borrowed from the review continuum presented in Section 2. The framework focused on four key approaches to prepare the climate change files and assess the expected changes in every climatic region:
1. Ten Iranian cities were selected in order to evaluate the effect of climate change on the indoor cooling and heating strategies of buildings. The adaptation of cooling and heating strategies was evaluated and visualized based on Givoni's bioclimatic chart (see Section 3.2). 2. The second-generation Canadian Earth System Model (CanESM2) was used to predict changes in the maximum and minimum temperature and relative humidity components of future decades (CCCma 2018) [17] . The study period was divided into two categories, namely the present (1986-2015) and the future (2020-2050), and the results were compared for each period (see Section 3.3). 3. Results of the CanESM2 model were downscaled using the sequential k-nearest neighbor (SKNN) method (see Section 3.4). 4. The results of Representative Concentration Pathway (RCP) 2.6, RCP 4.5, and RCP 8.5 scenarios were used to examine the effects of climate change in future decades on different cooling and heating strategies (see Section 3.5). figure illustrates the earliest steps comprising the initial definition of climate data, passing by the downscaling of climatic parameters until the application of the psychrometric chart and comparison of bioclimatic design measures.
Weather files and selected cities
For this study, meteorological data were obtained from the Iran Meteorological Organization [46] . Overall, we distinguished 16 zones (Z1iZ16) based on Givoni's chart, as shown in Table 2 . The boundaries of the zone to ensure indoor comfort, which are demarcated on the BBCC, were based on the expected indoor temperatures of buildings without the intervention of active cooling and with still air (0.15 m/s in winter and 0.25 m/s in summer) [1] . According to the Köppen climate classification, Table 3 and Fig. 2 show sites selected for each climate classification.
Meteorological variables affect humans' perception of thermal comfort. In addition, non-meteorological factors, such as clothing, acclimatization, fitness and activity level, and physiological adaptation to an environment also influence the heat balance of the human body [47, 48] . Givoni presented his building bioclimatic diagram on the psychrometric chart based on temperature and relative humidity. Therefore, personal factors, wind, and radiation effects were not considered in the calculations of comfort days and bioclimatic design strategies in Givoni's diagram. A study by Ref. [10] defined 17 design strategies associated with 17 climatic zones in Iran. For this study, we adopted the 16 design strategies, omitted 'internal gains' and added 'shading' as a new climatic zone. Table 3 provides a summarized overview of the 16 considered adaptation measures. Z8 was considered the comfort zone. It was determined in the same way as other bioclimatic zones, namely by the intersection of two components of relative temperature and relative humidity on Givoni's diagram. As presented in Section 4.1, the days when the temperature and relative humidity confluence fell into the comfort zone were presented as comfort days.
Sequential k-nearest neighbor method
[49] proposed a cluster-based imputation method to simulate the missing values of DNA micro-array data that is called Sequential K-Nearest Neighbor (SKNN) algorithm. This method [50] separates the dataset into two complete and incomplete sets with missing or without missing values respectively. The data in incomplete set are imputed by the order of missing rate that is the missing values are ranked from the fewest number of missing. Starting with the fewest number of missing values, this missing value is filled by the weighted mean value of corresponding column of the nearest neighbor of corresponding row in complete set. Then by taking into account the first imputed value, the process is repeated until all missing values are imputed. Although this method uses imputed values, due to its computational accuracy and complexity, its efficiency has significantly improved compared to the conventional KNN method and methods based on estimating maximum probability. Since this method can select more cases than the most commonly used KNN methods, in many experiments [49] [50] [51] , SKNN performed better than other methods of imputation. 
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It can be used as a multisite downscaling method in regional climate change studies due to the preservation of covariance among the variables and the local meteorological stations. In the present study, we applied SKNN method to downscale time series of future daily relative humidity as well as mean temperature of 10 synoptic stations in Iran. To do this end, a set of daily global simulation of CanESM2 (Table 4) based on the CMIP5 model projections as well as the local measurements of the quantity of interest were considered as predictors and predictands respectively. We used station data from three decades (1961-1990) for calibration and from two and a half decades (1991-2014) for validation of daily values of mean temperature, and daily relative humidity. The sensitivity of the method to large-scale anomalies and its ability to replicate the observed data distribution in the validation period are separately tested for the variables by Pearson correlation and Kolmogorov-Smirnov (KS) tests, respectively. Combined tests are used to assess overall model performances.
Results showed that the method performed well both in terms of temperature and relative humidity downscaling. However, SKNN Fig. 3 . Study conceptual framework.
Table 3
The Köppen climatic classification of cites selected whose data was used in the present study. downscaled temperature better than relative humidity and model performance varied across the study region. It worth noting that in this study, SKNN is developed based on SeqKnn version 1.0.1 [50] package in R programming environment.
Climate change scenarios
In order to define bioclimatic design strategies for passive cooling and heating of Iran's settlements, we presented these strategies using current period and future period (2020-2050) data on the basis of three different climatic scenarios. Scenarios have long been used by planners and decision makers to analyze situations in which outcomes are uncertain. The IPCC prepared comprehensive Assessment Reports about knowledge on climate change, its causes, potential impacts and response options. The Assessment Reports provide an overview of the state of knowledge concerning the science of climate change. The first Assessment Report 1 (AR1) was released in 1990 and latest report was released in 2014, emphasizing new results since the publication of the previous reports. In preparation for the AR5, researchers developed a new approach for creating and using scenarios in climate change research [15] . The international climate modelling community has adopted four RCP scenarios according to the IPCC report [52] ; [53] . The scenarios are as follows:
• RCP 8.5, which corresponds to a "non-climate policy" scenario that leads to high-severity climate change impacts and a rising radiative forcing pathway leading to 8.5 W/m 2 in 2100.
• RCP 2.6, which is a future requiring stringent climate policy to limit
GHGs that leads to low-severity, impacts. There is a peak in radiative forcing at about 2.6 W/m 2 before 2100, and then a decrease.
• RCP 4.5, which foresees stabilization without overshoot pathway to 4.5 W/m 2 before 2100.
• RCP 6, which foresees stabilization without overshoot pathway to 6 W/m 2 at 2100.
For this study, RCPs 4.5 and 6.0 were selected by the IPCC to be evenly spaced between RCPs 2.6 and 8.5. Together, these scenarios represented the range in radiative forcing available in the peer-reviewed literature at the time of their development in 2007 and [53] . In the present study, we used RCPs 2.6, 4.5, and 8.5. Fig. 4 . Average long-term annual temperature (Fig. 4a ) and relative humidity (Fig. 4b) for the observations base period and simulated future decades.
G. Roshan, et al.
Building
Limitations
The analysis presented by the authors is conducted without considering the impact of solar radiation on the executed bioclimatic analysis. We realize that the solar radiation can improve the predicted by a bioclimatic potential analysis according to Refs. [14, 54, 55] . However, we projected changes in the maximum and minimum temperature and relative humidity components of future decades.
Also, it is worth noting that in the process of downscaling of the required variables, the effect of large-scale changes (GCM) as well as the local variations (observational data) effect was reflected. The selected stations are located within the urban areas and their climates are well represented. However, the purpose of our study is the projection of longterm significant local and regional effects of global warming; therefore, our study does not pay much attention to the urban microclimate. Because urban micro-climate will eventually be affected by the local climate and will be intensified or weakened by that. Therefore, our study was context-specific, but it exposed the changes that will influence indoor comfort in residential buildings. The results of this study should be extended to investigate the implication of climate change on outdoor climate in relation to urban heat island effect phenomenon including precise consideration of solar irradiation influence [54, 56, 57] and [55] . Climate-sensitive selection of bioclimatic design strategies such as the shape and materials of the urban fabric and building envelopes can help avoid urban heat and overheating consequences indoors. Also, the increase of urban shading and vegetation through landscape design and specific passive cooling strategies and solution can improve the microclimate conditions outdoors [56, 58, 59 ].
Results
Comparison of the projected meteorological components with the base period
For the analysis, we compared the long-term average annual temperature and relative humidity components for the two base and future periods. First, the temperature component changes were noted. Based on Fig. 4a, it was shown that an increase in average annual temperature for all stations was expected in future decades. The base temperature for the observation period of this station was 45.38°C, while the average of the results of the three scenarios indicated a temperature decrease of 2.5°C for the 2020-2050 periods. For all stations, all scenarios indicated that the temperature component would increase in future decades. This increase in temperature for the RCP 8.5 scenario was the most incremental. The RCP 2.6 scenario showed the smallest increase in temperature compared with that of the other scenarios. At the same time, the outputs for all stations indicated that there was little difference between RCP 8.5 values and RCP 2.6 values. However, the (Fig. 5a) and cooling (Fig. 5b) of the observation period with three RCP scenarios for decades to come.
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results of the simulations showed that the highest temperature increase for the next decade compared with the observational period was for Ardabil station. At this station, based on the RCP 8.5 scenario, a 3.73°C temperature increase was observed compared to the observational base period. On the other hand, the lowest annual temperature increase was simulated for Bandar Abbas; based on the RCP 8.5 scenario, this temperature increase was 0.33°C compared with the observational base period (Fig. 4) . Additionally, an assessment of the relative humidity results for the study stations was conducted. Based on Fig. 4b , it was observed that for Abadan, Ardabil, Ghazvin, and Hamadan stations, the average annual relative humidity values for future decades was expected to increase compared to those of the observational base period; the maximum relative humidity increase compared to that of the other stations was projected for Ardabil station (RCP 8.5 = 6.60%). The minimum relative humidity increase (RCP 8.5 = 0.62%) was simulated for Hamadan. On the other hand, for Firoozkooh, Isfahan, Bushehr, Ramsar, Bandar Abbas, and Mashhad stations, a decrease in annual average relative humidity was predicted. Overall, the relative humidity changes based on different climate change scenarios did not follow a specific pattern. Thus, we expect that based on the RCP 2.6 scenario, there should be a continuous increasing trend until the end of RCP 8.5.
Comparing bioclimatic design recommendations for current and future periods
In this section, different passive cooling and heating strategies were evaluated in order to provide comfort within buildings for two different periods based on three climate change scenarios (Fig. 5) .
For the observational base period, outputs for the Abadan station indicated that there was no need to apply Z1 to Z3 heating strategies to this station. On the other hand, the Z5 strategy, which is use of humidification and Z15 and Z16 strategies, was also inefficient at providing indoor cooling energy for this station. In summary, the most recommendations for energy use for Abadan belonged to the Z13 direct and indirect evaporative cooling, high thermal mass and night ventilation, which accounted for 17.5% of the total data. This was followed by the Z7 passive solar heating strategy, which accounted for 12.4%. Based on the three RCP scenarios, simulated data for the 2020-2050 periods showed that considering global warming, there is still no need for Z1, Z2, Z3, Z5, Z15, and Z16 strategies. On the other hand, in contrast to the base observational period, the most important bioclimatic strategy for homes was also passive solar heating (Z7). Unlike the base period, the most important indoor cooling energy strategy was the Z13 solution, but for future decades and based on the three observational scenarios, the most important indoor cooling solution was Z14, which includes direct and indirect evaporative cooling, thermal mass, and night ventilation. The next most important solution was the Z13 strategy (Table 5 ) (see Table 6 ).
The comparison of different bioclimatic design recommendations for current and future periods is summarized as follows:
• At Ardebil station, there was no need for Z12 to Z16 strategies to provide indoor cooling. It was projected that the effect of global warming at Ardebil station will lead to a decrease in heating energy needs within buildings in future decades ( Figure A1a ). • For Bandar Abbas station, due to the high temperature and humidity for most of the year, Z11 (air conditioning and conventional dehumidification) was the most important design strategy. As shown in Figure A1a , relative humidity decreased slightly for future decades, with up to a 2% reduction compared to the base period.
• At Bushehr station, observational data showed that the passive solar heating solution had the maximum occurrence (25.8%) compared to other zones. Based on all three RCP scenarios, it was projected that the need for using the Z11 bioclimatic solution (air conditioning and conventional dehumidification) will increase by approximately 4.5% (Fig. 5b ).
• At Isfahan station, a similarity was found between empirical data and simulated future data. The results indicate that for the observational period, the frequency of use of passive solar heating and humidification was the highest (11.8%). The use of the passive solar heating strategy was projected to be the most important bioclimatic strategy for future decades.
• Firoozkooh station is one of the few stations in Iran that does not have a need for cooling. For future decades, the use of passive solar heating can provide indoor comfort. In some of the bioclimatic recommendations, Ghazvin station was also like Firoozkooh ( Figure A1b ).
• For Hamadan station, conventional heating, with 21.5% of data frequency, was the most important bioclimatic design measure. The overall average of the results of RCP scenarios indicated a 2% frequency reduction for the occurrence of this zone.
• The findings of Mashhad station showed that for both observational and future periods, the maximum occurrence was related to passive solar heating. The percentage of occurrence for these two zones was expected to decrease in the future (Fig. 5c) . For the future, Z12 was expected to increase by almost 3% on average for all three scenarios (Table 5 ).
• Using the outputs of Table 5 for Ramsar, the same results were obtained for the current and future periods ( Figure A1c ). For both periods, there was no occurrence of the heating strategies of Z2. Additionally, the climatic conditions confirmed the fact that Z13-Z16 cooling strategies were not effective for this station. The maximum frequency of data for both periods belonged to Z7, even though the frequency of these two zones decreased slightly in the future.
Examining the effect of global warming on the variation in indoor cooling and heating strategies
As shown in Figure 5a , the need for indoor heating for all future scenarios decreased compared with that for the observational period.
Among all the study stations, Mashhad had the greatest decrease in the use of heating strategies. For this station, outputs based on the total average of all scenarios simulated a 6.7% decrease in the use of total heating strategies for future decades. However, given the simulated data for future decades, it was found that Bandar Abbas had the least variability in the use of bioclimatic indoor heating recommendations. According to the overall average of the three RCP scenarios, only a 0.9% reduction in the use of these strategies was projected for future decades. According to the observational data, the lowest need for passive heating strategies was calculated for Bandar Abbas, Bushehr, and Abadan, with 33%, 34% and 34%, respectively. However, the greatest need for heating strategies was found for Firoozkooh (99.6%) and Ardabil (97%) (Fig. 5a ). The outputs of Fig. 5b indicated the future need to use passive strategies to achieve indoor cooling. According to the total average of RCPs, the highest increase was simulated for Bushehr and Abadan, with 5.6% and 5.5%, respectively, and the lowest increase of 0.1% was simulated for Firoozkooh, followed by Hamadan and Ghazvin with 0.2% and 0.3%, respectively. However, the base data showed that Bandar Abbas had the greatest need for cooling strategies with a total of 53% frequency. Firoozkooh had almost no need for these cooling strategies to provide indoor comfort.
In fact, the stations of Bandar Abbas, Bushehr and Abadan are part of the southern stations of Iran and adjacent to the body of water of Persian Gulf, whose climatic conditions are heavily dependent to this body of water. With regard to global warming, outputs indicate a rise in temperature for these stations for decades to come. Therefore, it is expected that as the temperature rises, the moisture content of the bar increases. Therefore, combining high temperatures with moisture injected from the Persian Gulf can increase the condition of sultry that this can increase the occurrence of thermal stress for decades to come. These conditions, especially in the warmer months of the year, have a high potential, which can exacerbate the reduction of thermal comfort days. But this temperature increase mechanism, especially for the warm seasons of the year, has led to an increase in the length of this period for the seasons of the climate transition. Transitional seasons mean the conversion of the atmospheric pattern from summer warm conditions to autumn cold conditions, which will begin with a delay based on this mechanism. Although early autumn at these three stations, the air temperature has not yet been cold. But the severity of the temperature increase has been reduced. Therefore, it is projected that the length of the warm seasons of the year will increase over the coming decades, and if there were thermal comfort in the early autumn. Then with these rising temperatures, there would be a reduction in comfort days for these stations. On the other hand, for other study stations, given the low volumes of autumn temperature for them, there is often a case of cold stress in the autumn. But Table 6 presenting a summary of the features of bioclimatic zones of Iran. The future projected values as relative changes in respect to the current period in percent (%). Roshan, et al. Building and Environment 155 (2019) [283] [284] [285] [286] [287] [288] [289] [290] [291] [292] [293] [294] [295] [296] [297] increasing the length of the warm seasons of the year can reduce the incidence of cold stress and further increase the number of comfort days.
Examining the variability in the frequency of days with thermal comfort with respect to global warming
One of the important issues in assessing the need for cooling and heating energy inside of settlements is monitoring of the percentage of comfort days for a study period. Particularly in the context of global warming, the pattern of changes in comfort days will change. Reducing the percentage of comfort days will increase the need for cooling or heating energy. At the same time, the outputs of this section showed that the same pattern did not exist for all stations. Thus, regarding global warming, it was expected that the number of comfort days for all stations would increase or decrease.
In summary, the averages of RCP scenarios showed that there was a decrease of 2.3% for Abadan and Bushehr and 0.9% for Bandar Abbas in days with comfort for future decades. For other stations, an increase in bioclimatic comfort days was simulated. However, among all stations, the greatest increases in comfort days with 3.6% and 3% were projected for Hamadan and Mashhad, respectively (Fig. 6 ). As shown in Fig. 6 , the greatest number of comfort days was jointly related to Mashhad and Ghazvin, which accounted for 31% of the frequency of study data for the observational period. Firoozkooh and Ardebil had the lowest frequencies of comfort days in this period, with 0.3% and 2.2% of the data occurrence, respectively.
Discussion
Summary of main findings
We updated the bioclimatic charts of ten cities in Iran to quantify the impact of climate change on 16 bioclimatic design strategies (see Figures A1) . Based on the findings of this study, it has been determined that, apart from Abadan station, the outputs of all RCP scenarios used in this study were indicative of an increase in the annual temperature of selected stations. As the outputs showed, the maximum temperature increase for future decades was simulated by the pessimistic RCP 8.5 scenario. The minimum incremental changes in temperature were calculated by the optimistic scenario of RCP 2.6. Ardebil station, which is considered one of the coldest stations in Iran and is placed in the Csb class of the Köppen classification, was expected to experience the largest temperature increase (RCP 8.5 = 3.73°C) compared with the base period. On the other hand, Bandar Abbas station, which is one of the hottest stations falling under the climatic class Aw, was expected to experience the smallest temperature increase (RCP 8.5 = 0.33°C). Simulations for relative humidity showed that the variation in this component for all stations did not follow the same increasing or decreasing pattern. For Abadan, Ardebil, Ghazvin, and Hamadan stations, the average annual relative humidity for future decades was projected to increase. For Firoozkooh, Isfahan, Bushehr, Ramsar, Bandar Abbas, and Mashhad stations, a decrease in annual average relative humidity was simulated.
Various cooling and heating strategies were evaluated to provide comfort within buildings for two different periods based on three climate change scenarios. According to the data of both observational and simulated periods, it was found that Abadan, Bushehr, Mashhad and Ramsar stations are mainly influenced by the passive solar heating strategy (Z7). Although most strategies for these stations belonged to Z7, their frequency was projected to decrease for future decades. At Ardebil station, the most important energy supply instruction for the observational period was the supply of active heating by the Z1 bioclimatic architectural recommendation or conventional heating. On the other hand, all three RCP scenarios showed that the use of the Z7 bioclimatic solution or passive solar heating would be the most effective in future decades. At Isfahan and Firoozkooh stations, although the use of passive solar heating and humidification recommendations accounted for the maximum frequency of data during the observational period, the passive solar heating strategy was introduced as the most important bioclimatic strategy for future decades. In Hamadan, the most important factor for providing indoor comfort was the use of the Z1 bioclimatic recommendation or conventional heating, which was the same for the future. The findings at Mashhad and Ramsar stations indicated that for both observational and future periods, the maximum of occurrences were related to passive solar heating. The percentage of frequencies for these two zones was expected to decrease in the future.
The findings of this study showed that the need for heating in Iranian households is decreasing for all stations, while the need for cooling strategies will increase in future decades. Out study validated and re-formulated a set of bioclimatic design strategies that will need to implement in existing and new residential buildings in Iran. The study provides novel and reliable information for city planners, architects, builders, contractors, and knowledgeable homeowners to achieve thermal comfort without excess space conditioning costs. Table 5 can be used by designers to quantify the influence of climate change on the 16 Fig. 6 . Evaluation of the variability model of thermal comfort days with respect to climate change for decades to come.
G. Roshan, et al. Building and Environment 155 (2019) [283] [284] [285] [286] [287] [288] [289] [290] [291] [292] [293] [294] [295] [296] [297] investigated bioclimatic design recommendations and consequently identify the most influential bioclimatic strategies. The set of updated design strategies for each climate zone in Iran is valuable and draws designers attention to thermal control, air and heat flow control, solar radiation control, and management of interior heat generation. This will allow building up on this knowledge and updating the Iranian building code and bring those strategies in practice.
In studies by Refs. [38, 60] ; climate change was simulated for future decades, and its effect on energy consumption was modeled. The results of this study showed that in most parts of Iran, due to global warming, the need for heating energy will decrease (see Section 4.3). On the other hand, the demand for cooling energy to provide indoor comfort will increase (see Section 4.3). Similar studies confirmed these results, as shown by Ref. [61] for northwestern areas of Iran. Their simulation of the effect of climate change on monthly energy consumption for these areas showed that due to global warming, by 2100 energy consumption in the heating sector will decrease, but it will increase in the cooling sector.
In many other studies of Iran, it is clear that with regard to global warming, the process of temperature change is incremental; this is a credit to the findings of this study. One of these findings was from a study by Ref. [62] for the southwest of Iran. They simulated temperature changes from 2020 to 2060 using the output of GCMs (HadCM3) based on LARS-WG software. The results of the study indicated an increase in temperature from 0.32°C to 0.51°C compared with temperatures in the 1988 to 2010 base period [63] . divided Iran into seven clusters according to the statistical period of 1948-2010. Their results showed that there was an increasing trend in temperature for all clusters. The results of [64] for northwest regions of Iran showed that by 2100 the temperature will increase by 1.5°C for these areas. In many other studies in other parts of the world, the outputs of GCMs relate global warming with temperature increase [65] [66] [67] [68] [69] .
Implications for practice and future research
The implication of these results indicated the importance of raising the awareness of the built environment professionals regarding global warming and the increase in cooling needs in buildings in Iran. It can be concluded that the occurrence of global warming in various climates of Iran will be accompanied by temperature increase, which will reduce the use of heating strategies and increase the use of different cooling strategies. The use of solar passive heating and cooling as a bioclimatic design recommendation is an important strategy for present and future building architecture in different cities of Iran. In Iran, the effects of fuel poverty during winter will decrease with climate change; however, its negative effects will increase during summer. Damage or failure of infrastructure (e.g., blackouts), thermal discomfort, low work productivity, low hygiene (drinking water and surface water quality), health challenges (respiratory, heart, and kidney problems), and extra deaths are expected [40, [70] [71] [72] .
We believe that heat issues will be exacerbated by rising temperatures induced by climate change and urban heat island effect in hot cities [43] [44] [45] 73] . Finally, we suggest that the effects of global warming on the basis of different GCMs of atmospheres should be simulated in future studies for Iran. Future studies should compare our study results to studies in other regions of the world to investigate the different severity of climate change impacts.
By using the outputs of these models, different bioclimatic indices and passive design strategies and strategies can be evaluated. Additional research should be conducted to establish detailed indoorrelated climate change adaptation measures in different parts of the country. The next practical step for this research is engagement with policy officials to adopt and implement our findings and recommendations in new Iranian building provisions and regulations.
Conclusion
Iran is a developing country with rapidly increasing population. New constructions are growing at an even faster rate. Constructing new housing projects based on accurate climate projections and bioclimatic analysis is important to design climate responsive buildings. In this study, the effect of climate change on thermal comfort in Ten Iranian Cities was assessed to project the bioclimatic potentials and strategies during 2020-2050. Changes in the two components of temperature and relative humidity for the 2020-2050 periods were simulated using three RCP scenarios. RCP2.6, RCP 4.5 and RCP 8.5 scenarios were used to examine climate change effects in Abadan, Ardebil, Bandarabbas, Bushehr, Esfahan, Firouzkooh, Ghazvin, Hamedan_Nozheh, Mashhad and Ramsar. In order to simulate daily temperature and relative humidity, data from the large-scale data output were collected and treated. The general circulation model (GCM) was based on CanESM2 and the downscaling method of SKNN. The average daily minimum and maximum temperatures and relative humidity components were produced at a station scale. Givoni's correction chart was used to analyze and provide various bioclimatic recommendations. Ardebil Station will witness the highest temperature rise of°RCP 8.5 3.73 =°C. Bandar Abbas Station will experience a minimum temperature rise of°RCP 8.5 = 0.30°C. Passive solar heating remains the topmost bioclimatic strategy of the future in Iran. The study rresults help to quantify and identify the most influential bioclimatic design strategies under different climate change scenarios. 
